Abstract The southern San Andreas fault (SSAF) accommodates a significant amount of strain between the Pacific and North American plates; thus, the fault represents a major geohazard to the populated areas of southern California, in particular the larger Los Angeles metropolitan area. Paleoseismic chronology of ruptures along the SSAF segment suggests this fault is near the end of its interseismic period (∼180 years), because it has not ruptured in historic times (∼320 years). A recent active-source seismic experiment performed in the Salton Sea west of the SSAF provides evidence for extensional deformation along the northeastern shore of the Salton Sea. This study posits that the extensional deformation is due to a previously unmapped fault, here named the Salton trough fault (STF). The seismic reflection data image a divergent sediment package that dips toward the northeast with thicknesses up to at least 2 km. Refraction inversion produces a southwestward-dipping velocity discontinuity that crops out east of the SSAF surface trace, consistent with the existence of a southwest to northeast gradient in lithology. If present, the existence of the STF has scientific and societal relevance. First, the STF appears to control the recent Salton trough architecture north of Bombay Beach. Second, from a seismological hazards perspective, the presence of this structure could alter the current understanding of stress transfer and rupture dynamics in the region, as well as community fault models and ground-motion simulations on the SSAF.
Online Material: Uninterpreted seismic-reflection profiles.
Background
The southern San Andreas fault (SSAF, Fig. 1 ) in southern California is an important part of the Pacific-North American plate boundary system, accommodating 21-25 mm=yr of the boundary's total 50 mm=yr of slip (Bennett et al., 1996; Fay and Humphreys, 2005; Lundgren et al., 2009) . At its southern terminus, the SSAF steps west over to the Imperial fault (IF), creating the Salton pull-apart basin through a releasing bend in the right-lateral system (Brothers et al., 2009) . The basin architecture is complex, involving the interaction of many fault systems including the Extra fault zone and Brawley seismic zone (Lynch and Hudnut, 2008; Brothers et al., 2009) . The SSAF/IF system has the potential of generating a large-magnitude earthquake (Brothers et al., 2011) , which would affect highly populated areas in southern California (Olsen et al., 2006) . Paleoseismic data indicate that there has not been a rupture on the southern (Coachella) SSAF in the last ∼320 years (Brothers et al., 2011; Philibosian et al., 2011) . There have been at least two events on the IF during historical times (1940 and 1976) , neither of which triggered slip on the SSAF (Hartzell and Heaton, 1983; Thomas and Rockwell, 1996) . Brothers et al. (2011) proposed yet another potential triggering mechanism unrelated to tectonic loading. They suggested that infilling of the Salton trough to ∼13 m above sea level by the captured Colorado River could load and trigger northeast-trending normal (hinge) faults observed in the Salton Sea (Brothers et al., 2009) , thereby increasing the coulomb stress on the SSAF and IF. Constraining the fault structure and potential fault interactions is a critical first step toward evaluating these proposed triggering mechanisms.
The Salton trough is located in the Colorado deltaic system in southern California (Waters, 1983) . Prehistoric flooding of the Colorado River into the ancient Lake Cahuilla yielded high sedimentation rates in the recent geologic past, and thus a detailed record of past and present tectonic signals (Waters, 1983) . Active source seismic data provide important constraints on fault architecture by imaging the deformation of the sediments and the style of faulting within and adjacent to the Salton Sea (Fig. 1) . Previous studies using earthquake locations and geodetic data (Fialko, 2006 ) model a steep northeastern dip on the SSAF. Imaging stratigraphy adjacent to the SAF provides direct spatial and temporal observations of fault displacement and timing, as well as the style of faulting and the local tectonic regime.
Fault systems may be imaged directly and indirectly. Direct imaging includes observation of offset strata in reflection data and fault deformation. Indirect evidence may include dipping reflectors, stratigraphic relationships, or turbidites (Kent et al., 2005; Dingler et al., 2009; Maloney et al., 2013) . Data presented in this study provide direct and indirect evidence for a fault west of the SSAF, located within the Salton Sea near the eastern shoreline, the existence of which was proposed by Babcock (1974) , and Bürgmann (1991) . This newly identified structure is referred to as the Salton trough fault (STF). This structure, directly imaged at one and potentially two locales, is a transtensional, right-lateral strike-slip fault with down-to-the-southwest displacement. The dip of the STF is not constrained by the new seismic data. The existence of the STF has implications for rupture scenarios in the Salton pull-apart basin, via the triggering of fault segments through dynamic and static stress loading (i.e., the SSAF, IF, and STF). Such an understanding will improve our ability to assess regional geohazards.
Methods
An active-source seismic study was conducted within the Salton Sea and acquired multichannel seismic (MCS) reflection profiling with refraction data recorded by oceanbottom seismometers (OBS). The overarching goal was to define the displacement, dip, and timing of deformation on the SSAF, as well as the evolution of the Salton pull-apart basin (Kell, 2014) . The newly acquired data provide a more comprehensive understanding of fault architecture, in addition to existing fault mappings. This survey was performed in 2010 and 2011 as two marine campaigns in conjunction with the Salton Seismic Imaging Project (SSIP, Rose et al., 2013) . The SSIP used land-based receivers and source locations in combination with offshore source-receiver pairs to image the overall structure within the Salton trough. The two portions of the marine campaign provided differing resolutions in the seismic profiles; 2010 employed a shallow-towed sparker source aimed to provide high-resolution images of the shallower sediment, and in 2011, a larger generator-injector (GI) gun source, towed slightly deeper, was used to resolve deeper sediments and basin structure. In 2010, MCS data were collected with a 1.6 kJ sparker source fired at ∼3:125 m (1.3 s) intervals and a 24-channel streamer with 3.125 m hydrophone group spacing. A 210 cubic inch (cu. in.) or 80 cu. in. GI gun source was employed in 2011, with a target shot spacing of ∼150 m (∼1 min intervals) and towed at a depth of 4-5 m. A 48-channel streamer recorded these shots with 6.25 m group spacing for MCS data, towed at a depth of 4-5 m; the same 2011 GI gun shots also were recorded on OBS instruments deployed by the Scripps Institution of Oceanography OBS Lab. This article will focus on the northern Salton Sea and will report findings from the MCS lines oriented orthogonally to the SSAF, as well as tomographic line 7. Line 7 is amphibious, as some of the SSIP land-sourced shots to the east of the SSAF were recorded on the nine OBS instruments along line 7 and were included in the tomographic inversion to constrain velocities across the SSAF (Fig. 1) . The land shots used explosives weighing between 3 and 162 kg, located at an average spacing of 105 m, and buried between 2.4 and 21.9 m depth. The data gap between the last marine shot and first land shot was approximately 2 km (Fig. 2) . There are no recordings of the marine shots on the land instruments.
Aerial light detection and ranging (lidar) data collected in November 2010 were used to constrain the onshore deformation ( Fig. 1) and to confirm geologic mapping results from Babcock (1974) . The lidar data also directed field campaigns in the region. The data were collected in a 5 km swath surrounding the Salton Sea, with vertical accuracy of approximately 9.25 cm and an average point cloud density of 5.1 points per square meter.
In 2010, swath bathymetry was collected in select regions of the northern and southern Salton Sea with a Simrad 3102 multibeam system. At a grid resolution of 1 m, these data can reveal important features on the seafloor that may not be resolved with MCS data. Unfortunately, due to abnormally high seawater velocity, striped along-track artifacts in the data could not be corrected.
Processing of the MCS reflection data included filtering, predictive deconvolution, and common-midpoint stacking. Travel-time picks from the OBS gathers were inverted using the method of Van Avendonk et al. (2004) . This method iteratively reduces the travel-time residuals through a series of linearized inversions until a model with a suitable misfit (χ 2 ) is attained (Fig. 2) . For each linearized inversion, the method minimizes a cost function that is a combination of travel-time residuals, smoothing parameters (second derivatives), and model perturbation, adjusting the trade-off between fitting and smoothing until an intermediate target misfit, compatible with linearization assumption, is obtained. The weighted misfit functional value χ 2 is given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 ; 5 5 ; 1 7 9
T obs;i − T pred;i 2 σ unc;i ; 1 in which N is the total number of picks, T obs;i and T pred;i are the observed and predicted pick times, respectively, and σ unc;i is the assigned pick uncertainty. In this way, χ 2 is a measure of how well the model fits the data within the prescribed pick uncertainties. For the models presented here, the first arrival picks were assigned an uncertainty of 12 ms, the reflection picks 30 ms, and second arrival picks were assigned an uncertainty of 32 ms; these picks and uncertainties are described below in further detail. Initially, the model constructed for line 7 was generated using a 1D layered horizontal velocity model, and employed only first arrival picks from the marine and land shots recorded on the OBS instruments. The ray-path density and coverage is significantly greater offshore in the sea than it is onshore along line 7. This variation in coverage, as well as the data gap between the last marine shot and first land shot, affects the model resolution along track. The ray-path density is shown in Figure 2c , which is an example of one of the line 7 tomographic models. Here, the white triangles represent the OBS locations; the shoreline is at approximately 16.5 km along track. The data gap is noted in Figure 2a ,b. The change in trend in the travel times at approximately 20 km along track is also noted. There is a notable slower trend in the near-offset arrivals (< 2:5 km=s) to the southwestern edge of the profile, with faster apparent velocities (> 3:5 km=s) to the northeast, indicating a lateral increase in velocity. This is likely caused by a lateral or horizontal heterogeneity in velocities, which could be represented in the model by a velocity jump.
A strong or high-amplitude reflector (HAR) is observed in the line 7 MCS stacked section (the dashed line in Fig. 3b and Ⓔ Fig. S1 , available in the electronic supplement to this article). Many of the OBS shot gathers record a strong reflector, associated with a triplication in the refraction arrivals that was identified from an increase in amplitude and a rapid change in apparent velocity with offset (Fig. 4) . Precritical reflections can sometimes be traced to zero offset (Fig. 4b) ; the vertical incidence time correlates well with the alongtrack arrival of the HAR in the 2011 MCS line 7 data. This evidence suggests a strong velocity contrast at depth.
Some of the models explored in this study include an interface, motivated by the complementary MCS/OBS reflections. In these models, the interface was constrained by the arrival times and dip of the HAR in the MCS stacked section (dashed line in Fig. 3b) , and by picks associated with the triplication in the reflection arrivals (Fig. 4b) , in which data were available. A sharp velocity contrast was imposed across the interface, as consistent with the high-amplitude MCS reflector and wide-angle reflections, as well as the change in trend observed in the OBS travel times (Fig. 2b) , because it represents a change in material properties. By including this interface, these models then included first arrival picks as well as second arrival and reflection picks. These picks are assigned as either rays turning in the layer above the interface, rays turning in the layer below the interface, or rays reflecting off the interface. The onshore shots are all classified as rays turning in the layer below the interface, because of their large source-to-receiver offset. An example of the onshore shots can be seen in Figure 5 . The three types of picks can be observed in Figures 4-6 (ray paths, travel times, and residuals for a model with the interface).
The inversion simultaneously minimizes the travel-time residuals for all three picks as well as two-way travel-time (TWTT) picks from the MCS reflector, and updates the model according to the new velocities of each layer as well as the depth of the interface and velocity contrast across it. For OBS 70 (Fig. 4a) , both first and second arrivals turn within layer 1; the reflection cannot be discerned for this instrument, though if it were, the second arrival would be associated with its precritical reflection. OBS 72 is located at approximately 7 km along-track distance; the reflection's arrival time at this distance also corresponds to the arrival time of the HAR at ∼7 km distance on MCS line 7 (Fig. 3b) . The main difference between the velocity models discussed above is the location where the interface intersects the surface near the SSAF surface trace. Horizontal and vertical grid spacing for all of these models was 0.025 km. For the final model, the aspect ratio of smoothing constraints in the horizontal versus vertical direction was 5.0, and the relative strength regularization of interface depth and slowness jumps across the interface were 2.0 and 1.0, respectively. Occasionally, the inversion stalled in local minima creating artifacts in the model that are neither required to explain the data nor are consistent with a realistic earth structure. The null space shuttles method of Deal and Nolet (1996) was employed between some inversion iterations to reduce these artifacts. In these cases, the sedimentary section above the interface was smoothed to obtain a more homogenous velocity. This smoothed model was then projected onto the model null space. The result is a model that is consistent with the data and improves the model fit in further inversion iterations. An example of this can be observed in Figure 7 . Figure 7a shows a model before applying the null space shuttles method, and Figure 7b shows the resulting smoothed model. The black ellipses indicate regions where the null space shuttles method effectively smoothed out artifacts, improving the fit to the sedimentary basin. In this example, before applying the null space shuttles method, the model's misfit stalled at χ 2 1:7, and after applying the method and iterating further, the model's misfit improves to χ 2 1:3.
Results

Reflection Data
This article focuses on seismic lines orientated perpendicular to the SSAF collected in the mid-to-northern Salton Sea along the western side of the SSAF (Fig. 1 ). Acquired with a sparker source, line 19, located ∼7:5 km northwest of Salt Creek imaged layers thickening and dipping to thẽ northeast (Fig. 3a) . These layers diverge with increasing dip with depth; this stratigraphic trend is persistent down to approximately 1.0 s TWTT. No fault-related offset structures are observed along line 19. To the south, line 7 ( Fig. 3b) is located approximately adjacent to Salt Creek and images a similar architecture as observed on line 19 (Fig. 3a) ; the stratigraphic layers thicken and dip to the northeast. Line 7 was acquired with a 210 cu. in. GI gun in 2011 that yielded deeper penetration because of the lower frequency and larger sound source. This profile shows a divergent trend to at least 1.8 s TWTT (∼2 km). In summary, the numerous HARs observed on lines 19 and 7 are divergent (i.e., dip increases with depth) along the northeast region of the Salton Sea with no observed offset or faulting along the profiles (Fig. 3) . Continuing farther south, line 17 ( Fig. 8 and Ⓔ Fig. S2 ) crosses the Salton Sea slightly northwest of Durmid Hill (Fig. 1) . Along both margins of the sea, the stratigraphy is obscured by gas. Within the central segment, stratigraphy is imaged down to depths greater than 1 s TWTT (∼1 km). Unlike the profiles to the north (e.g., lines 7 and 19), line 17 images a fault structure at approximately 6.5 km along track, northeast of the crossing with line 1 (Fig. 1 ) that separates predominantly flat-lying stratigraphy to the northeast from dipping horizons to the southwest ( Fig. 7 and Ⓔ Fig. S2 ). West of the fault, the dip of the reflectors increases downsection, from more flat-lying reflectors at the surface to an apparent 2°northeastward dip at approximately 200 m depth. Continuous undisturbed reflectors mantle the offset horizons across the fault with thicknesses on the order of 100 m. Another potential fault is observed at ∼4:25 km along track, but it is obscured by gas. Toward the northeast at ∼10 km along track, line 17 crosses the interpreted STF. The surficial stratigraphy east of the fault has a slight southwest dip toward the structure, with apparent dips increasing from 0°at the surface to 2°southwest at ∼100 m depth. In this region, much of the stratigraphic architecture is obscured by gas, increasing uncertainty and lowering our confidence of identifying fault offsets. The presence of gas also is consistent with the existence of a fault as it would be a potential permeability pathway for fluids. Farther south, on line 16 (Sahakian, 2015) , strata perpendicular to the SSAF strike are marked by diminished extension and are interrupted by transpressional faulting toward the northeast (Kell et al., 2012) . 
Refraction Data
The initial homogenous velocity model and subsequent models are shown in Figure 9 . Figure 9a shows topography along line 7 from the Shuttle Radar Topography Mission sampled at 1 arcsec (SRTM1; Farr et al., 2007) and bathymetric data. Figure 9b -g shows the various velocity models for line 7, plotted with a mask extending 1 km horizontally and vertically beyond the ray coverage. The initial velocity model for line 7 (Fig. 9b) shows a relatively uniform velocity structure in the sea, but with an apparent southwestward dip to the velocities onshore, with an increase in velocity to the northeast. Approximately 1 km northeast of the SSAF surface trace, there is a southwestward-dipping high-velocity trend with surface expression. Along the surface, the velocity systematically increases toward the northeast for a distance of ∼7 km. Velocities range from approximately 2 km=s in the shallow lake sediments to approximately 4:5-5 km=s at about 4 km depth. The final misfit is χ 2 1:4 is low, but the model is only fitting first arrivals and includes few a priori constraints. At approximately 19-20 km along track (Fig. 6) , a transition between two slopes or trends in the travel-time picks is not well resolved in the initial model.
Travel-time residuals, travel-time picks, and the line 7 velocity model overlain with ray paths show data coverage ( Fig. 2a-2c , respectively). At ∼19-20 km along track, travel time trends transition from lower-to-higher apparent velocities (Fig. 2 ). There is a clear slower trend in the near-offset travel times (< 2:5 km=s) to the southwestern edge of the profile, with faster apparent velocities (> 3:5 km=s) to the northeast indicating a lateral increase in velocity near, but just west of the SSAF at shallow depths. Additionally, the OBS gathers record a distinct high-amplitude triplication suggesting a stronger velocity gradient than captured by the initial model (Fig. 9b) . The vertical incidence time of the associated precritical reflection for each OBS matches an along-track arrival of the HAR observed in the 2011 MCS data (Fig. 3b) . Later arrivals slope downward to the northeast, suggesting that high-velocity material (rocks with velocities > 4 km=s) must shallow rapidly, as observed in the initial model (Fig. 9b) . These arrivals are poorly fit with the single-layer model, because smoothing does not allow juxtaposition of the fast and slow velocities laterally.
Subsequent velocity models included a defined interface in an attempt to parameterize this gradient. Models test whether a northeastward-dipping interface, as observed in the MCS data (Fig. 3b, dashed line) , is consistent with the OBS data. When the refraction line overlapped with the existing MCS data, the initial depth of the interface was determined by converting the TWTT of the HAR to depth using the velocity model (Fig. 9b) . Toward the northeast where MCS data were not collected, the location of the interface in the starting model was guided by the 3:2 km=s velocity contour up to the surface at a particular along-track distance. Three types of picks were assigned to constrain the model (described above in the Methods section), as well as TWTT picks from the MCS data for the reflector. This investigation resulted in seven velocity models with varying locations for the intersection of the interface with the surface (black line in Fig. 9c-g ). The velocity models and their respective misfits are plotted with a mask extending 1 km beyond the ray coverage. (b) denote artifacts within the lake sediments that were reduced using this method. Note the low-velocity zone above the interface is smoothed (i.e., 2:5 km=s). The color version of this figure is available only in the electronic edition.
SSAF surface trace and Figure 9g is 5 km toward the northeast of the SSAF surface trace. In the model shown in Figure 9d , the interface intersects the surface of the SSAF. From here on, these models will be referred to as models C, D, E, F, and G to be consistent with their figure titles. All models show similar basement velocities below the interface to the southwest of the SSAF surface trace (∼4:5 km=s). The main difference is in basin velocities near the SSAF surface trace. The most pronounced velocity differences being observed in the northeastern portion of the model. Models C through G feature slower velocities (< 3 km=s) in the basin that are similar to the sedimentary velocities in the initial starting model. The northeastern edge of the model contains higher velocities even in the shallow structures that have a western dip (Fig. 9) . In models C and D, the region around the SSAF surface trace and northeast of the interface surface expression contains lower velocities in the 1:7-3 km=s range, lower than the approximately 4 km=s observed in the high-velocity region. Models C and D have misfits of χ 2 2:16 and 1.89, respectively. Models E, F, and G contain an interface that intersects the surface at 1, 3, and 5 km northeast of the SSAF surface trace, respectively. These models do display some medium velocity features within the basin east of the SSAF surface trace. The zones are interpreted as artifacts; the null space shuttles method had difficulty in completely smoothing the basin velocities. This feature is necessary to explain the data insofar as that some of the 3:5 km=s apparent velocity arrivals have been moved into layer 1 (basin), and the model is attempting to fit these (Fig. 6) . It is important to note fewer ray-paths constrain the velocity in this region. The most interesting feature of these models is the high-velocity package to the northeast of the SSAF. All models converge to lower velocities in the region surrounding the SSAF surface trace and progressively higher velocities moving northeast (Fig. 9) . They all demonstrate the possibility for a low-velocity zone adjacent to the SSAF, skewed to the southwest. The respective misfits of models E, F, and G are χ 2 1:88, 2.07, and 1.90.
A model with the interface intersecting the surface at 3 km to the southwest of the SSAF is not shown in Figure 9 . The model with an interface at 3 km to the southwest forced the interface to have a very steeply dipping face; this created problems in convergence after only a few model iterations and as such has been omitted.
Model E is the preferred or final model, because it simultaneously fits the two trends observed in the travel-time picks while converging to the lowest misfit with an interface. Although we chose model E, model D is very similar in appearance and misfit, and could also have been selected as the preferred model. Constraints and ray paths for the final velocity model are shown in Figure 6 . Figure 6a shows the travel-time picks for first and second arrivals as well as interface reflection arrivals. Ray paths are weight coded and the same for all panels. Travel-time residuals for all picks are plotted along track, as well as the final velocity model with ray paths and OBS positions (Fig. 6a,c) . Note that the ray coverage is denser within the Salton Sea than onshore to the northeast (Fig. 6 ).
All models exhibit southwestward-dipping higher velocities on the eastern edge of the profile down to almost 3 km depth (Fig. 9) . The preferred velocity model contains a dipping interface. In the southwestern portion of the profile, the interface and shallow basin velocities predominantly dip to the northeast, whereas in the eastern part of the model, they dip steeply to the southwest. All models also exhibit a lowvelocity zone near the base of the sediments in the sea on the western edge (due to the absence of ray paths to update the initial velocity model here), as well as a small patch at approximately 14 km along track. It appears the low-velocity zone is due to the interplay between fast second arrivals, the location of the interface, and the smoothing constraints that influence the velocity contrast allowed across the interface. Figure 3b . The location of the interface is not fixed, rather it varies as a function of a trade-off parameter between interface location and velocity smoothness in the layers. It is important to note that although the interface in the velocity model has been allowed to move in the inversion to fit all picks in the data, its depth is still within a maximum discrepancy of approximately 0.2 s of the HAR in the MCS data. Complete agreement between the interface and the depth of the HAR is not expected, because the interface is parameterizing a rapid increase in velocity rather than a true geologic contact within the sea.
Geomorphic Observations
Onshore geologic observations provide additional constraints on the regional tectonics. The aerial lidar (Fig. 11) imagery shows intense folding, shortening, and truncation of folds closer to the SSAF in the Durmid Hill region (approximately onshore of line 17, Fig. 1 ). The strike and dip of the beds are highly variable. Both right and left-lateral offsets are observed. Moving southwest of the SSAF zone toward the Salton Sea shoreline, the wavelength of the folding becomes longer and more gentle, and the beds exhibit a much more consistent strike being subparallel to the shoreline. The dip decreases slightly toward the shoreline. White hatches denote positions of field measurements and photographs, and the circle and arrow represent the location and approximate look direction of the photos in Figure 12 . The beds shown in Figure 12a and 12b have a strike and dip of N66°W and 57°SW, respectively. The onshore strata adjacent to the shoreline have a consistent southwestward dip. The northern Salton Sea swath bathymetry data image a linear feature with a steep gradient north of and northeast of line 19; however, the bathymetric data set does not intersect with the MCS data (Fig. 3a) . The strike of this feature is approximately 234°. The gradient of the data was computed in a direction perpendicular to the strike of the linear feature (the perpendicular azimuth being 144°), to improve the illumination of this feature. The bathymetric gradient and the bathymetry are shown in Figure 13a and 13b, respectively. 
Discussion
It is assumed that the reflector (Fig. 3b) observed in the MCS data and shot gathers has a high amplitude because of a marked impedance contrast (i.e., a physical change in stratigraphic velocity and density). The reflector TWTT observed in the seismic-reflection profile (Fig. 3b, dashed line) correlates with the zero offset arrival of the precritical reflection on each OBS instrument (Fig. 4) . The character of this reflector suggests that it is not the sediment basement interface but could be related to a difference between surficial lake sediments and more indurated and compacted sediments beneath. It also could be a metamorphic contact due to emplacement of volcanic sills at depth, with thermal alteration and metamorphism of the overlying sedimentary layers (Kell, 2014) . The eastward dip and thickening of layers observed in both of the MCS profiles, lines 7 and 19, suggests a dip-slip component along a vertical to slightly westward-dipping fault (Fig. 3) . Motion on the hanging wall along such a fault would create increased accommodation toward the fault and a northeast dip of the reflectors. Dipping reflectors with divergence increasing down section along normal faults is diagnostic of extensional deformation, as observed in other extensional environments Driscoll and Karner, 1998; Eisses et al., 2015) . The divergence of the layers indicates syndepositional deformation (e.g., Fig. 3 and Ⓔ Fig. S1 ). The sections of gas near the eastern edge of MCS lines 7 (Fig. 3b  and Ⓔ Fig. S1 ) and 17 ( Fig. 8 and Ⓔ Fig. S2 ) could be evidence for a fault (STF) acting as a permeability pathway along which fluids could migrate. The potential southwestward-dipping, divergent surficial layers on the northeastern end of line 17 could be caused by extension on a fault splay in the sea. Such observations are consistent with a fault structure between approximately 10 km along-track distance (line 17) and the shoreline of the Salton Sea ( Fig. 8 and Ⓔ Fig. S2) .
The linear feature imaged in the bathymetric data appears to be a fault scarp. The feature does not continue farther south, but this could possibly be due to the input of sediment from Salt Creek, which would mantle the scarp and mask it in other regions. It is also possible that if this is the STF scarp, the STF may not exhibit surface expression along its entire length. Gas observed in the reflection data could be associated with fluid flow along the fault interface; however, it is difficult to discern if this is observed in the bathymetry data due to the ship track artifacts. Some evidence exists offshore for a fault structure coincident with lines 19 and 17, but there is no offshore evidence for this fault elsewhere. There is no onshore evidence for a fault between Salt Creek (adjacent to line 7) and Durmid Hill (adjacent to and south of line 17) to explain the increased accommodation along the northeastern side of the Salton Sea. Observations of extension offshore suggest that a transtensional fault with down to the southwest displacement exists within the sea. Babcock (1974) performed a geologic field study of the Durmid Hill area (Fig. 1) , adjacent to the Salton Sea. Although there are no observations near line 7 or Salt Creek due to the fact that Lake Cahuilla sediments bury any deformation and folding, folded beds are observed several kilometers to the south, closer to line 17. Cross-sectional profiles show intense folding due to deformation associated with the SSAF zone, and all profiles show a consistent southwestward dip approaching the shoreline ( fig. 8 in Babcock, 1974) . The Borrego Formation, a Pleistocene brackish water lacustrine deposit, is exposed throughout most of the region of the cross sections, and younger Lake Cahuilla sands are exposed to the northwest of this area.
The aerial lidar data collected in November 2010 (Fig. 11) , along with field observations and measurements of strike and dip collected during March 2015 (Fig. 12) , confirm the Babcock (1974) observations of folding. It appears that the SSAF controls the intensity of folding close to the fault zone. Approaching the shoreline, the folds display a longer wavelength and demonstrate a steep (∼60°) southwestward dip toward the shoreline. The left-lateral offsets and tighter folds observed closer to the SSAF might be suggestive of bookshelf faulting due to deformation between these two right-lateral strike-slip faults (SSAF and STF) and their splays. Nevertheless, the folding diminishes toward the southwest, suggesting a decrease in deformation away from the SSAF. The images in Figure 12 demonstrate the character of the beds in this location and the southwestward dip toward the sea. Examination of these features in map view makes it easy to observe the continuous spatial nature of the features. Images and data points collected in washes allow for a cross-sectional view of the beds and folding. These shoreline beds near the eastern shore of the Salton Sea show a steep southwestward dip.
No clear evidence exists in the geologic data, to date, for a significant fault onshore; however, the hypothesis of an offshore dextral fault is not new. Bürgmann (1991) mapped and modeled folding by Durmid Hill and proposed the existence of a fault offshore Durmid Hill to explain the observed characteristics. Burgmann noted that the presence of a shear zone boundary southwest of Durmid Hill could explain the folds trending subparallel with the SSAF and the tightness in folding adjacent to the SSAF. Southwest of the shoreline and for the majority of the MCS lines, layers dip and thicken toward the northeast, with apparent dips ranging from 0°to less than 2°. On line 17, some surficial reflectors on the northeastern end of the line dip to the southwest, with dips ranging from 0°to approximately 2°SW. This observation suggests the existence of a structure within the Salton Sea to focus the deformation. The collapse of these layers suggests that the structure may be transtensional in nature because the layers on both side of the fault dip toward it ( fig. 4 in Eisses et al., 2015) . The sediments onshore by Durmid Hill are of the Pleistocene Borrego Formation; the sediments in the sea are Lake Cahuilla sediments, much younger. It is presumed that these sediments onlap either the fault or the deformed Borrego formation very near the shoreline.
Refraction data from line 7 support this hypothesis. These data indicate that the low-velocity sediment carapace observed in the Salton Sea terminates to the east of the model boundary against the older Borrego Fmn or the inferred/interpreted structure. These very young lake sediments cannot onlap the SSAF, because these young lacustrine sediments are not observed onshore. The interface placed in the velocity model (Fig. 9) represents a velocity or density contrast. A priori information exists for the western end of the profile but is lacking in the eastern end. As such, the interface location in the eastern edge of the profile is more representative of a gentle gradient in velocity as opposed to a sharp contrast or jump. This is evident in the results of the models, observed in Figure 9 . Regardless of location, the data require a low-velocity zone west of the SSAF (in the data gap) to be lower than velocities to the east. Similarly, the data generally require (with the exception of model C) the velocities in this region to be similar or slightly lower than the velocities observed within the sea. Northeast of this low velocity zone, the velocities increase laterally, and the zone of higher velocities extends to the surface with a southwest dip. The low-velocity zone straddles the region around the SSAF as well as the region where a transtensional fault would be predicted based on stratal patterns. This low-velocity zone is likely an artifact of the skew raypath coverage in this region, though it may represent slower lake sediments onlapping the higher velocity sediments to the northeast. The low-velocity zone could potentially be due to a damage zone from the SSAF as well as the proposed STF, though any interpretation is difficult due to the limitations of the ray-path coverage and density in the data gap region (e.g., Fig. 6 ). Northeast of the damage zone, velocities increase to over 3 km=s, perhaps because of the older formations that exists in this area, which would be more compacted than Lake Cahuilla sands or lake sediments.
The structure creating the observed deformation is not directly imaged or is poorly imaged by MCS data because of gas obscuring the reflectors and shallow water environments. Without direct evidence and imaging of the STF, other hypotheses were investigated to explain the extensional deformation in the strata. One such hypothesis is a southwestwarddipping SSAF with oblique, down-to-the-southwest motion (Kell, 2014) . This would not be entirely surprising, because there are many real-world and laboratory examples of extension on faults adjacent to a pull-apart basin. For example, the terminus of the IF in the Cerro Prieto basin appears to be in a transtensional environment (Suarez-Vidal et al., 2008 ). Another example is observed along the Coronado Bank fault where extension is observed west of San Diego Bay pull-apart basin (Maloney, 2013) . In addition, laboratory models (Wu et al., 2009) show spatially sigmoidal patterns of extension on strike-slip faults adjacent to pull-apart basins, such that downdip direction is orthogonal to the fault and toward the pullapart basin proper. Extension from the pull-apart basin is consequently imprinted along the adjacent strike-slip faults. This model (a southwest-dipping SSAF), however, would only explain the northeastern dip and extension in the reflectors, not the systematic increase in extension moving north away from the pull-apart basin (e.g., from lines 17 to 19). Furthermore, it is in disagreement with previous interpretations of an eastward dip on the SSAF, based on microseismicity and strain rate from Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR; Fialko, 2006; Fuis et al., 2012; Lindsey et al., 2014; Barak et al., 2015) . Dorsey and Langenheim (2015) proposed that the sediment thickening observed in the reflection data in the northern Salton Sea could be due to northeasterly tilting of the Salton block, which simultaneously uplifts the Santa Rosa Mountains. They postulate that an 8°-10°northeasterly rotation and tilting of this block generates accommodation toward the SSAF and would create a fanning dip with depth observed in the reflectors, up to 8°. They include other lines of evidence, such as results from gravity models and the proposed asymmetric topography across the Santa Rosa Mountains. The reflection data presented in this study could be consistent with the predictions made by the Dorsey and Langenheim conceptual model, with a few caveats and differences required to honor the observed stratigraphic relationships. First, according to their model, accommodation for sediment accumulation would be destroyed to the west and created to the east of the fulcrum for Salton block rotation. Therefore, the fulcrum of tilting must be at or very near the western Salton Sea shoreline. Otherwise, if it was farther west as postulated by Dorsey and Langenheim (2015) , attendant erosion in the southwest would cause sediment progradation to the northeast, infilling the newly created accommodation. This is not observed in the seismic-reflection data (Figs. 3 and 7) . Second, the newly acquired reflection data require that there be a fault structure west of the SSAF controlling the northeast-dipping diverging reflectors. Reasons for this are threefold: (1) the sediments onshore are old lake deposits of late Pleistocene age (Borrego Fm) and are highly deformed, faulted and folded, and steeply dipping to the southwest. In contrast, the stratigraphy in the sea is undeformed and gently dipping to the northeast (∼ < 2°). A breakaway zone must exist between the older, highly deformed onshore sediments and younger, undeformed and gently dipping offshore sediments, which extend down to at least 2 km in thickness (Fig. 3) . (2) A scarp is observed in the bathymetry and there is a marked change in the gradient (Fig. 13) . Such a marked change, and observed scarp, is best explained by the presence of a fault west of the Salton Sea shoreline. (3) The divergence and tilting increase to the north in the Salton Sea, less in line 17 and increasing systematically towards lines 7 and 19 away from the highest topography onshore. If loading from convergence across the southeast-dipping SSAF caused the tilting (Fig. 14) then a correlation should exist between the highest topography on the hanging wall and the greatest subsidence in the footwall (Christie-Blick and . This relationship is not observed (Fig. 1) . In fact the gravity data presented by Dorsey and Langenheim (2015; their fig. 2 ) are consistent with an increase in subsidence toward the north in the Salton Sea, as observed in the seismic-reflection data. Finally, it is important to note that the observed dips of the reflectors in lines 19, 7, and 17 is at most 2°, less than that reported in Dorsey and Langenheim (2015) .
As mentioned above, these new seismic data are consistent with the Dorsey and Langenheim (2015) model; magnetic and gravity data place important constraints on basement architecture, and seismic-reflection data provide additional constraints on the sediment structure. Nevertheless, the alternative model presented here (i.e., the STF) could also explain the seismic observations, without requiring regional tilting of the Salton block (Fig. 14) . Additional research is required to test between these two alternative models.
Deformation on the STF is presumed to be long-lived due to the persistence of deformation observed in the MCS profiles, down to at least 1.8 s (∼2 km) TWTT. Surficial deformation observed on both the shallow 2010 and deeper 2011 MCS records recent activity on the structure responsible for this geometry. Despite these observations, there is an absence of microseismicity in the regions surrounding this structure. Seismicity is observed along the SSAF (Lin et al., 2007) along a presumed-dipping structure; however, there is no seismicity on the proposed location of the STF. This lack of historical seismicity suggests that the STF is not creeping (Sanders and Kanamori, 1984; Rubin et al., 1999) or that the strain has been distributed on other structures in the region.
To the north, there is a visible fault scarp offshore just adjacent to the shoreline (Fig. 13) , but it is difficult to discern any tectonic signal in the onshore lidar data north of the sea due to anthropogenic activity; therefore, it is not clear if and where the STF continues onshore north of the Salton Sea. InSAR data (Tong et al., 2013) show a faint trend of uplift, or motion toward the satellite, continuing onshore of the proposed STF location. The strike in this trend is similar to the expected strike of the STF; however, it is noted in Tong et al., (2013) that this could be due to agricultural or anthropogenic activity. Janecke (2013) also proposes the existence of a structure west of the SSAF, the East Shoreline fault, which is predominantly onshore; however, our proposed fault (STF) is projected to be in the Salton Sea, west of the shoreline. Although the SSAF is interpreted to be transpressional near Durmid Hill, there are examples in other regions around the world where transtensional and transpressional or strikeslip faults have been found to be parallel to each other, or in close proximity to each other (Wilcox et al., 1973; Mann et al., 1983; Chanes-Martínez et al., 2014; Maloney et al., 2016) . Figure 14 is a schematic of the preferred hypothesis including the existence of the STF. The first panel describes the observations for the region, including geomorphic features as well as MCS data and geologic observations from Babcock (1974) . The second panel describes the preferred hypothesis for the region; it shows the STF just southwest of the Salton Sea shoreline with folded strata between the STF and SSAF. The third panel is a subset of the second panel, showing in detail the MCS, refraction and geologic observations. The seismic low-velocity zone may be caused by shallow lake sediments onlapping higher velocity older sediments to the northeast (or potentially a highly deformed material between the STF and SSAF). The final panel is modified from Dorsey and Langenheim (2015) showing the rotation of the Salton block. The rotation is driven by extensional unloading along the southwest-dipping Santa Rosa fault and compressional loading along the SSAF. It is important to consider the implications of a previously unmapped transtensional structure in this location. Currently, hazard in a given area quantified by ground-motion prediction equations (GMPEs) is determined by a variety of factors, including the earthquake magnitude, dip of a fault, as well as style-of-faulting (Bommer et al., 2003; Campbell and Bozorgnia, 2012) . The presence of a transtensional structure would affect the dip and style-of-faulting considered in these equations and thus the predictions from GMPE's for the region.
The STF could also significantly alter predictions from physics-based ground-motion prediction methods. The STF could trigger or be triggered by rupture on the SSAF, increasing the magnitude or complicating rupture geometry. Additionally, radiation patterns of body and surface waves are a direct consequence of the strike, dip, and rake of the fault responsible for an earthquake (Aki and Richards, 1980) . Triggering of the STF would alter the expected radiation pattern caused by an earthquake, in turn affecting seismic wave propagation. This could potentially cause even more amplification in the sedimentary basins of southern California than was predicted by TeraShake (Olsen et al., 2006) . The San Bernardino, Chino, San Gabriel, and Los Angeles basins act as a waveguide into Los Angeles, further exciting waves that are trapped within these basins. Furthermore, 3D models of rupture on thrust, normal, and strike-slip faults (Oglesby et al., 2000; Oglesby and Day, 2001; Duan, 2010) show that the hanging wall of faults experience larger final displacements, as well as peak ground velocities (PGVs), regardless of the style-of-faulting. When applied to the proposed geometry for the STF, this could suggest that PGVs and final displacements would be larger to the southwest of the fault. Most of these rupture models, however, focus on thrust and strike-slip events and few on oblique events.
Conclusions
The marine active-source seismic-reflection and refraction data presented here provide strong evidence for a transtensional structure, the STF, near the eastern shoreline of the Salton Sea. Additionally, the fault scarp observed in bathymetric data and the strata and folding observed in the lidar data suggest that the STF is within the Salton Sea and west of the SSAF. This previously unidentified fault represents a new hazard to the region and holds significant implications for fault models such as the Southern California Earthquake Center Community Fault Model (SCEC CFM) and, consequently, models of ground-motion prediction and SSAF rupture scenarios. Future ground-motion simulation models, as well as GPS studies, should consider this possibility. More research is required to test this new model, based on the newly acquired seismic reflection.
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